Abstract. Unmodified, cyanoethylated, and crosslinked corn starches were reacted with 2,4-dichlorophenoxyacetyl chloride in pyridine to produce the corresponding 2,4-D [(2,4-dichlorophenoxy)acetic acid]esters of high acyl content. Hydrolysis studies at pH 6 and 8 at ambient temperature showed that these insoluble compositions lil;erated varying amounts of 2,4-D and soluble 2,4-D esters by ester link and glucoside bond cleavage, respectively, at rates that indicate their possible use as controlled-release herbicides.
INTRODUCTION
Controlled-release pesticides offer an opportunity to meet the recognized need to reduce environmental pollution (3, 4) . Allan and his associates have d,::veloped fungicides (I) and herbicides (2, 3) covalently bonded to lignocellulosic wastes for slow release of active agent at the site of application. Only minimum quantities of herbicide were thus required for effective weed controL
Our objective was to prepare granular starch esters of 2,4-D that had low solubility in water, low volatility, [\nd slow release: properties for evaluation as controlled-release herbicides.
Unmodified commercial corn starch is a high molecular weight polysaccharide whose hydroxyl groups can react with the acid chloride of 2,4-D to yield starch-herbicide esters. The products obtained would be expected to undergo slow microbial and hydrolytic breakdown in soil to soluble esters and to the free herbicide. Changes in overall rate of the combined degradations would, no doubt, be achieved by substituting selected chemically modified starches for starch in the herbicide compositions. Thus, cyanoethylated starch (11, 13) and epichlorohydrin crosslinked starch (8) are known to be, respectively, more resistant to microorganisms and less soluble in water than starch. Because the esters of 2,4-D with these starches offer a variety of rates of 2,4-D liberation, they were prepared by us for controlled-release herbicide investigatio;:}. Hydrolysis of the esters in buffered solutions at pH 6 and 8 at ambient temperature was studied to determine the rate of release of 2,4-D and soluble 2,4-D esters under acidic and alkaline conditions.
METHODS and MATERIALS
Unmodified com starch used in this investigation was a com-mercial product. Cyanoethylated and crosslinked starches were prepared by the reaction of unmodified starch with, respectively, acrylonitrile (18) and epichlorohydrin (8) . Thionyl chloride, acrylonitrile, and the herbicide, 2,4-D, were practical grades from Eastman 3 • Analytical grade, 2,4-D methyl ester for the preparation of the standard curves required for gas chromatographic analysis of the hydrolysates of the 2,4-D esters of the starches and assay directions were supplied by Dow Chemical Company3 (14) .
Preparation of 2,4-dichlorophenoxyacetyl chloride.
A 221-g quantity of 2,4-D was placed in a dry l-L 4-necked roundbottomed flask equipped with a Tru-Bore stirrer, thermometer, reflux condenser, calcium chloride drying tube, and dropping funnel. A large excess of thionyl chloride (319 g) was next added dropwise at room temperature over 2 hr with continuous stirring. The mixture was then heated at 90 C for 2 hr and excess thionyl chloride removed by vacuum distillation. The crude residual 2,4-D acid chloride was purified by distillation at 128-135 C/8,iiili (10) . TIle yield was 225 g (94% of theoretical).
Preparation of 2,4-D esters.
Unmodified com starch was more reactive toward the acid chloride of the herbicide when activated by gelatinization in aqueous pyridine solution (16) . Accordingly, 22 g (20 g, dry basis) of the starch were suspended in a solution containing 40 rnl water and 150 rnl pyridine and heated to 116 C with periodic addition of pyridine during 90 min of pretreatment to maintain fluidity. The water was then removed by azeotropic distillation. Twenty grams of 2,4-dichlorophenoxyacetyl chloride was added dropwise to the starch-pyridine mixture during 15 min with continuous stirring. The reaction mixture was then heated at 90 C for 4 hr, cooled by addition of 500 g ice, and centrifuged or ftltered by suction to collect the insoluble 2,4-D ester of starch. The crude product was washed four times by slurrying in 400 m1 of water with intermediate centrifugation or ftltration. After air drying overnight at about 40 C, the light brown product weighed 29.9 g (moisture, 3.5%). Both cyanoethylated and crosslinked starch esters were prepared similarly.
Analysis. The crude esters were extracted with benzene for 1-1/2 hr in a soxhlet apparatus to remove extraneous materials and then assayed for chlorine content. Extent of substitution starch-2,4-D esters would depend to a great extent upon the interaction of rainfall and soil properties. Acid soils would be expected to gradually hydrolyze the glucoside linkages in the starch moiety of the esters to form soluble oligosaccharide 2,4-D esters, which would be further degraded by the microorganisms present. The degradation products would reach the plant roots by diffusion and absorption in the soil-water phase. On the other hand, alkaline soils would slowly saponify the starch esters (7) and gradually release soluble salts of 2,4-D for transfer to the plant roots.
The increasing amounts of 2,4-D and 2,4-D-soluble esters (determined by saponification) released during prolonged agitation of the starch esters in nonsterile aqueous buffer solutions at pH 6 and 8, and ambient temperature, indicate that such degradation takes place. Figure 1 shows that the liberation of 2,4-D from the unmodified starch ester was slow because of limited hydrolysis of the ester linkage during 90 days of agitation under acidic conditions. Hydrolytic action probably combined with microbial action, however, was more effective in degrading the polysaccharide moiety of the composition with the formation of soluble oligosaccharide esters as shown by the increased slope of the "saponified" curve. Production of free acid and soluble esters was verified by thinlayer chromatographic assay and by 2,4-D analysis before and after saponification of a sample of buffer solution which had been in contact with starch ester for 48 hr. The cyanoethylated starch ester was expected to be more stable to hydrolytic and microbial degradation at pH 6 than the unmodified starch ester. However, the curve in Figure 2 shows this ester to be more readily degraded than the other two esters, probably because of hydrolysis of the cyanoethyl function to a solubilizing acid group. Apparently degradation of the polysaccharide portion of both the cyanoethylated and crosslinked starch esters was not significant because both saponified and unsaponified 2,4-D values for the solubles from these esters were comparable. Studies by others (6, 10, 15) have shown that esters of2,4-D with low molecular weight alcohols are hydrolyzed upon absorption by the plant and then move in the plant as the free acid. Klingman et al. (9) found that the 2-ethylhexyl ester of 2,4-D was about 75% hydrolyzed to the free acid within 1/2 hr after application to forage. This sequence of herbicide movement, however, might not apply to the high-molecular-weight ,tarch esters of 2,4-D. For preemergence use, herbicide response would be due chiefly to free 2,4-D, its soluble salts, and ';oluble oligosaccharide esters produced by slow hydrolytic and microbial degradation of the highly polymeric starch esters absorbed onto soil particles. In fact, the herbicide effect of aCrude products from acylation of 20 g of the starches (dry basis). bCalculated from chlorine assay and expressed as free acid obtainable by hydrolysis.
CDegree of substitution (D.S.) 0.9 of one hydroxyl group per D-glucose unit of starch.
of the 2,4-dichlorophenoxyacetyl group, recorded in Table 1 as weight percent of 2,4-D in the starch esters, was calculated from the average chlorine percentages for two analyses.
Hydrolysis solutions were assayed for 2,4-D as follows: A 10-ml sample of buffered solution was taken and 5 ml were acidified to pH 2 and 2,4-D extracted with ether. The 2,4-D residue obtained after evaporation of the ether solution was converted to the methyl ester with methanol-boron trifluoride solution and after appropriate dilution with hexane analyzed quantitatively with a 63 Ni electron capture detector gas chromatograph (14) .
Saponification of the other 5-ml portion of buffered soluLion for 1 hr at 90 C with 05N sodium hydroxide, followed by acidification of pH 2 and gas chromatographic analysis, allowed determination of both 2,4-D in solution and that in its soluble oligosaccharide esters. Difference in the amounts of 2,4-D found before and after saponification is thus provided by the soluble esters. Recovery of 2,4-D was 83% at about 15 ppm, and all analyses were corrected accordingly.
Hydrolysis.
A sample of 0.3 g of ester was transferred to a 150-ml centrifuge bottle containing a magnetic stirring bar. Phosphate buffer solution, pH 6 or 8 (5), in the amount of 150 ml was added, the bottle capped, and the mixture stirred continuously at ambient temperature (25 C ± 2). Periodically the mixture was centrifuged to settle the solid ester and a IO-ml sample of supernatant removed for 2,4-D assay. The sample was replaced with 10 ml of buffer solution to maintain a constant volume. Because of its high water insolubility, the crosslinked starch ester has reduced susceptibility to hydrolytic and microbial degradation. This condition is corroborated by the low rate of degradation at pH 6 as shown by the saponified and unsaponified 2,4-D values in Figure 2 . In solutions buffered at pH 8 liberation of 2,4-D was greater than at pH 6 because of the added effect of saponification of the esters (Figures 3-5) . Also, the cyanoethylated starch ester appeared to undergo partial alkaline hydrolysis of its cyanoethyl group to a sodium carboxyethyl moiety (17) with an attendant increase in solubility of the starch-herbicide (Figure 4) .
The theoretical concentration of 2,4-D that can be liberated from 0.3 g of each of the starch-herbicides in 150 ml of buffer solution is about 800 ppm. Minimum release of 2,4-D was achieved with the crosslinked starch-herbicide and ranged from 0.3 to 16 ppm at pH 6 and from 1 to 58 ppm at pH 8 during 90 days of agitation in aqueous buffer solutions at ambient temperature. Maximum liberation of 2,4-D was obtained with ,e' -:yannethylated starch-herbicide after 90 days at both pH 6 •Hid 8 and was, respectively, 43 and 201 ppm (5 and 25% of Ihe theoretical). Presumably, these results approximate those to be expected in wet soil under similar hydrolysis conditions and illustrate the potential of these esters to act as sustainedrelease herbicides. Their practicality under actual field conditions, however, remains to be investigated.
